ad Photovoltaic (PV) technologies for solar energy conversion represent promising routes to green and renewable energy generation. Despite relevant PV technologies being available for more than half a century, the production of solar energy remains costly, largely owing to low power conversion efficiencies of solar cells. The main difficulty in improving the efficiency of PV energy conversion lies in the spectral mismatch between the energy distribution of photons in the incident solar spectrum and the bandgap of a semiconductor material. In recent years, luminescent materials, which are capable of converting a broad spectrum of light into photons of a particular wavelength, have been synthesized and used to minimize the losses in the solar-cell-based energy conversion process. In this review, we will survey recent progress in the development of spectral converters, with a particular emphasis on lanthanide-based upconversion, quantumcutting and down-shifting materials, for PV applications. In addition, we will also present technical challenges that arise in developing cost-effective high-performance solar cells based on these luminescent materials.
Introduction
Sunlight is a free and, in many parts of the world, abundant source of energy that can be captured by new technologies and transformed into electricity. 1, 2 It has been reported that sunlight that reaches the Earth's surface delivers 10 000 times more energy than what we consume. 3 As a result, the use of solar energy is expected to have the potential to meet a large portion a Department of Chemistry, Faculty of Science, National University of Singapore, 
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Sanyang Han was born in Hubei, China. He received his BS (2007) and MS (2010) degrees in chemistry from Soochow University. He is currently pursuing a PhD degree under the supervision of Prof. Xiaogang Liu in the Department of Chemistry at the National University of Singapore. His research interest focuses on development of novel lanthanide-doped luminescent nanomaterials. of future energy consumption requirements. Despite significant development of the photovoltaic (PV) industry over the past decades, the efficient and cost-effective conversion of solar energy into electricity through PV cells remains a daunting task. [4] [5] [6] Current annual solar energy usage is well below 1% of total energy consumption, while fossil fuels account for over 90% of the energy consumption. Before the large-scale use of solar energy, more efficient PV systems at reduced costs must be developed. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] A major problem limiting the conversion efficiency of PV cells is their insensitivity to a full solar spectrum. The spectral distribution of sunlight at Air Mass 1.5 global (AM 1.5G) consists of photons with wide wavelengths ranging from ultraviolet to infrared (280-2500 nm, 0.5-4.4 eV), but current PV cells only utilize a relatively small fraction of the solar photons ( Fig. 1) . 21 This is attributed to the fact that each PV material responds to a narrow range of solar photons with energy matching the characteristic bandgap of the material. In principle, only photons with energy higher than the bandgap are absorbed, but the excess energy is not effectively used and released as heat. The thermalization of photon energies exceeding the bandgap and non-absorption of photons with energy less than the bandgap amount to the loss of approximately 50% of the incident solar energy in silicon-based solar cell conversion to electricity. Notably, the theoretical maximum level of efficiency for crystalline silicon (c-Si) with a bandgap energy (E g ) of 1.1 eV is approximately 31% or 41%, depending on the concentration ratio, as defined by the Shockley-Queisser limit. 22 The inherent thermalization and non-absorption losses can be minimized using luminescent materials as spectral converters. The approach, termed the third-generation solar photon conversion, involves the incorporation of a passive luminescent layer into PV cells. [23] [24] [25] [26] [27] [28] An important aspect of using this technology is that spectral converters are readily applicable to existing solar cells with few changes as the spectral converters and solar cells can be optimized independently.
To increase the efficiency of single-junction solar cells, three luminescence processes including upconversion, quantumcutting, and down-shifting are currently explored for developing efficient PV devices. Trivalent lanthanide ions are the prime candidates to achieve efficient spectral conversion because of 1.1 eV), modified with a downconverting layer on the front surface, can achieve a conversion efficiency of up to 38.6% (Fig. 2) .
Down-shifting is a single photon process that involves transformation of one absorbed high-energy photon into one lower-energy photon. This process obeys the Stokes Law with wavelength change known as the Stokes shift. Down-shifting is similar to quantum-cutting, but its conversion efficiency does not exceed 100%. Despite this disadvantage, down-shifting can still be useful for improving PV efficiency by shifting shortwavelength sunlight (usually ultraviolet and blue) to the longerwavelength region where the spectral response of the solar cell is more sensitive (Fig. 2) . Until now, two main classes of down-shifting-based PV devices have been investigated: a luminescent solar concentrator and a planar down-shifting layer. Lanthanide-doped phosphors and glasses, semiconductor quantum dots (QDs) and organolanthanide complexes have been thoroughly explored as potential wavelength-shifting materials.
This review focuses on the importance, development, and implementation of lanthanide-doped luminescent materials for modern PV applications. We begin by describing fundamental aspects central to rational design of solar cells followed by discussing the operating principles of lanthanide-doped upconversion materials as spectral converters to reduce the transmission loss of sub-bandgap light. Furthermore, an overview of the state-of-art near-infrared (NIR) quantum-cutting using a single Ho 3+ ion and Ln 3+ -Yb 3+ (Ln = Tb, Tm, Pr, Er, Nd, Ho, and Dy) pairs for c-Si solar cells is presented. The underlying energy transfer (ET) mechanisms are then discussed. The attempts to sensitize Ln 3+ -Yb 3+ couples using ion species (Ce 3+ , Eu 2+ , Yb 2+ , and Bi 3+ ) in different host lattices are subsequently described.
We also highlight the topic of multiple exciton generation (MEG) in QDs to reflect an important parallel development promising for solar energy conversion. Finally, we discuss the advances toward realizing spectral conversion by utilizing planar down-shifting layers composed of phosphors, QDs and organolanthanide complexes as fluorophores. Selected examples of recent experimental results will be presented.
Fundamental aspects of solar cell design

Solar cells
Solar cells are typically composed of special light-absorbing semiconducting materials. 35 When sunlight falls on a solar cell, the photons activate the electrons in the cell and promote them into a higher energy conduction band. Those electrons can then be harnessed to create electric current. To produce a solar Fig. 2 Spectral conversion design for PV applications involving down-shifting (DS), quantum-cutting (QC), and upconversion (UC) luminescent materials. In a typical downshifting process, upon excitation with a high-energy photon, nonradiative relaxation takes place followed by radiative relaxation, thereby resulting in the emission of a lower-energy photon. In contrast, two-step radiative relaxation occurs in the quantum-cutting process upon excitation with a high-energy photon, leading to the emission of two (or more) lower-energy photons. The upconversion process can convert two (or more) incident low-energy photons into a single higher-energy photon. Both down-shifting and quantum-cutting processes are able to make effective use of the high-energy portion of the solar spectrum, but with dramatically different quantum efficiency. The theoretical quantum efficiency for down-shifting is always less than 100%, whereas it exceeds 100% for quantum-cutting. Note that the downshifting and quantum-cutting materials are generally placed on the front surface of a monofacial solar cell, allowing the downconverted photons to be absorbed by the solar cell. The upconversion material is typically placed in between a bifacial solar cell and a light-reflection layer to harvest the sub-bandgap spectrum of sunlight.
cell, the semiconductor is doped with either positive charge carriers (p-type) or negative charge carriers (n-type). If two differently doped semiconductor layers are combined, then a so-called p-n junction results on the boundary of the layers. The conversion efficiency of solar energy is perhaps the most significant parameter that determines the performance of a PV device. For any traditional single p-n junction solar cell, the bandgap energy of the semiconductor from which the solar cell is fabricated places a fundamental upper limit on its conversion efficiency. Currently, solar cells based on crystalline, polycrystalline and amorphous silicon represent more than 90% of the world production. 36 The use of c-Si enables PV devices to achieve a maximum conversion efficiency of 25%. 37 The c-Si solar cells work most efficiently in the 950-1100 nm spectral region, but they show very low spectral response to the short-wavelength sunlight (Fig. 3) . Therefore, ideal quantumcutting and down-shifting luminescent materials for c-Si solar cells should convert the high-energy (usually ultraviolet-blue) light into the NIR emission around 1000 nm, while the most desirable upconverters for c-Si solar cells are able to absorb light above 1100 nm and convert it into emission around 1000 nm. In principle, an upconverter for c-Si solar cells should satisfy the following requirements: (i) the excitation range longer than 1100 nm (E o 1.12 eV); (ii) the emission range shorter than 1100 nm; (iii) good response under low-intensity excitation (in the range of 10-100 W m À2 ); and (iv) high conversion efficiency and high transparency toward the upconverted light. Compared to conventional c-Si solar cells, wide bandgap solar cells would benefit much more from incorporation of an upconverting layer due to the dominant transmission losses. The wide bandgap solar cells, including GaAs, amorphous Si, dye-sensitized and organic solar cells, can work well in the visible region, but their absorption is generally limited to a maximum wavelength of B900 nm (Fig. 4) . 38 For example, in an ideal single-junction solar cell with a bandgap of 1.7 eV, approximately 49% of the incoming solar energy is lost because it cannot be absorbed by the solar cell. An ideal upconverter for PV applications would convert incident sub-bandgap sunlight into monochromatic above-bandgap light where solar cells have their optimum spectral response.
Luminescence
Luminescence generally refers to the emission of light by a material after it has absorbed energy. 39 The term 'luminescence' was introduced in 1888 by Wiedemann. 40 Luminescence can be generated from different types of energetic sources, including electromagnetic radiations, electric fields, X-rays, and charged particles from radioactive decay. Depending upon the nature of the excitation source, luminescence can be subdivided into several categories that are generally indicated by a prefix. In the case of photo-excitation, this luminescence is called photoluminescence. In this review, we will focus on photoluminescence-based spectral conversion approaches for PV applications. Fluorescence and phosphorescence are two major forms of photoluminescence extensively investigated in modern research. They are distinguishable from the decay time (t). Fluorescence has a short time lapse (t o 10 ms) after the excitation source is removed, while phosphorescence has a much longer decay time (t > 0.1 s). 40 Inorganic solids that give rise to luminescence are called phosphors or, lately, luminescent materials. 41, 42 Luminescent materials generally require a host crystalline structure that constitutes the bulk of the phosphors. The characteristic luminescence properties are obtained by doping the host material with relatively small amounts of foreign ions. The luminescence of inorganic solids can be roughly classified into two mechanisms: luminescence of localized centers or activators ( Fig. 5a and b) and luminescence of semiconductors through band-to-band excitation (Fig. 5c ). To induce luminescence from an activator without efficient absorption for the available excitation energy, a sensitizer ion is often incorporated into the host material to transfer its excitation energy to the activator. The emission color can be readily adjusted by varying the dopant concentration or composition without changing the host lattice. Notably, a number of lanthanide activators show emission spectra with spectral positions that are hardly influenced by their chemical environment.
The conversion efficiency of a phosphor, usually expressed as either a quantum efficiency or an energy efficiency, is an important consideration in practical applications. The quantum efficiency (or quantum yield) is defined as the fraction of the input photons contributing to the desired optical process. 43, 44 In contrast, the energy efficiency is the ratio of the output power to the input power. In a luminescence process, the excited state decays by a combination of radiative and nonradiative processes, and the relative rate of these processes determines the quantum efficiency. Radiative decay describes molecular deexcitation processes accompanied by photon emission. Molecules in the excited states can also relax by nonradiative processes where excitation energy is not converted into photons but is dissipated by thermal processes such as vibrational relaxation and collisional quenching. Let k r and k nr be the radiative and nonradiative decay rates, respectively, and N be the population density of luminescence activators in the excited state. The temporal evolution of the excited state can be described by:
The luminescence therefore decays exponentially with a time constant t where
Note that the observed luminescence lifetime, t, measures the combined rate of the radiative and nonradiative pathways. The fraction of the excitation contributing to radiative decay processes is k r /(k r + k nr ). Thus the quantum efficiency (Z PL ) can be calculated using the following formula,
Here, t R = 1/k r is the radiative lifetime, namely, the lifetime of the excited state in the absence of nonradiative decay processes. The observed lifetime, t, can be calculated from intensity decay curves. However, the radiative lifetime, t R , is usually estimated by the use of Judd-Ofelt theory as it is not easily experimentally determined. 46 
Lanthanide ions
The lanthanide elements, characterized by the progressive filling of the 4f orbitals, are a family of 15 chemically similar elements from lanthanum (La) to lutetium (Lu) . The term 'rare earth' is applied to lanthanide elements and also to yttrium (Y), which is found in nature always along with the lanthanides. The lanthanides, essentially existing in their most stable oxidation state as trivalent ions (Ln 3+ ), are extensively investigated for their optical properties. [47] [48] [49] [50] [51] [52] [53] [54] [55] The lanthanide ions feature an electron configuration of 4f n (0 o n o 14) and the arrangements of electrons within this configuration are substantially diverse. This results in a fairly large number of energy levels. 56 Most of the fascinating optical properties, such as photon upconversion emission, of lanthanide ions can be ascribed to the electron transitions within the 4f n configuration (Table 1) .
Most lanthanide ions generally show sharp line spectra, much narrower and more distinct than those for transition metal ions.
The spectra are associated with weak f-f electronic transitions. The narrow spectral bands indicate that the f-orbitals have a smaller radial extension than the outer 5s and 5p orbitals, thus leading to smaller electron-phonon coupling strengths and a lower susceptibility to crystal-field and exchange perturbations. When a 4f electron is excited into a 5d orbital that extends beyond the 5s and 5p orbitals, the spectroscopic properties of lanthanide ions in the 4f n 5d electronic configuration are influenced more strongly by the host lattice. Therefore, the electronic transitions between the 4f n and 4f n 5d states, through absorption or emission of photons, are expected to be significantly different from those transitions within the 4f n configuration. As the inter-configuration 4f n -4f n 5d transitions of the lanthanide ions are parity-allowed, they have intensities up to 10 000 times stronger than the strongest 4f n -4f n transitions. 57 The choice of host materials is of great importance in designing lanthanide-based luminescent materials for efficient PV applications. As a general rule, the host materials require close lattice matches to the dopant ions and have low phonon energies. Despite the fact that the energy level structure of most lanthanide ions is independent of the host materials, the phonon energy plays an important role in nonradiative transitions due to multiphonon relaxation between closely spaced energy levels. The nonradiative relaxation rate can be estimated with the exponential energy gap law developed by van Dijk and Schuurmans: 58, 59 k nr = b el exp(Àa(DE À 2 ho max ))
where b el and a are constants for a given host lattice, DE is the energy difference between the energy levels considered, and ho max is the maximum phonon energy. Hosts with low phonon energy may decrease the probability of nonradiative transitions, subsequently leading to high luminescence efficiency. The maximum ). 24 The most promising phosphors for upconversion and quantum-cutting luminescence are found in fluoride hosts owing to their low phonon energy, high refractive index, and good thermal stability. 33 [64] [65] [66] In contrast, the quantum efficiencies of Pr 3+ -activated oxides are far lower than unity. 67 However, the fluoride phosphors are believed to be unstable under subbandgap excitation.
Energy transfer
ET is an important optical process that dominates the luminescence of a material. Spectral conversion by luminescent materials for PV applications mostly relies on the ET between lanthanide ions. Four basic ET mechanisms have been proposed and observed in lanthanide-doped materials: (i) resonant radiative transfer through emission of a sensitizer and re-absorption by an activator; (ii) non-radiative transfer associated with resonance between an absorber (sensitizer) and an emitter (activator); (iii) multiphononassisted ET; and (iv) cross-relaxation between two identical ions ( Fig. 6 ). 68 The efficiency of radiative transfer depends on how efficiently the activator fluorescence is excited by the sensitizer emission (Fig. 6a ). An efficient ET process requires a significant spectral overlap between the sensitized emission and the absorption of an activator. If a radiative ET takes place predominantly, the decay time of the sensitized luminescence does not vary with the activator concentration. In contrast to the radiative ET, the nonradiative ET (Fig. 6b) is often accompanied by a significant decrease in the decay time of sensitized luminescence versus activator concentration. Two other lines of evidence for the occurrence of nonradiative ET are: (i) the presence of an excitation band of the sensitizer in the excitation spectrum of the activator, and (ii) the presence of activator emission found in the emission spectrum when the sensitizer is selectively excited. ET can occur if the energy differences between the ground and excited states of the donor (sensitizer) and the acceptor (activator) are equal and if there exists a suitable interaction, either an exchange interaction or a multipolar interaction, between both systems. Exchange interaction (Dexter ET) depends on the wave function overlap and thus only operates over very short distances (o0.5 nm). While multipolar interaction (Förster ET) primarily depends on the strength of the optical transitions involved and can occur for separations as large as 2 nm. Non-resonant ET can also occur with the assistance of phonons unless the differences between the ground and excited states of the donor and acceptor are large. The Dexter ET probability from a sensitizer (S) to an activator (A) is generally approximated as in eqn (5):
where H SA is the interaction Hamiltonian and h is the Planck constant; hS,A* and hS*,A represent the initial state and the final state, respectively; the R g S (E)g A (E)dE integral stands for the spectral overlap; the factors, g S (E) and g A (E), denote the normalized spectral feature for the sensitizer emission and activator absorption, respectively; E is the energy involved in the transfer. Eqn (5) shows that the ET probability P SA vanishes for vanishing spectral overlap. The square of the matrix element in eqn (5) is expressed in terms of the distance-dependent ET probability between the donor and acceptor. The distance dependence of the transfer rate varies with the type of interaction. For exchange interaction the distance dependence is exponential, while for electric multipolar interaction the distance dependence is given by R Àn (n = 6, 8,. . . for electric-dipole electric-dipole interaction, electric-dipole electric-quadrupole interaction,. . . respectively). Phonon-assisted ET occurs when the resonance condition is not well met between the sensitizer and the activator, resulting in a small spectral overlap (Fig. 6c) . In this case, the mismatch between the transition energies of the sensitizer and the activator is compensated by phonon emission or absorption. According to Miyakawa-Dexter theory, 70 the probability of phonon-assisted transfer is expressed by,
where DE is the energy gap between the electronic levels of sensitizer and activator ions; b is a parameter that depends on the energy and occupation number of participating phonons; and P PAT (0) is equal to the resonant transfer probability given by eqn (5) . Non-resonant phonon-assisted ET between various trivalent lanthanide ions in Y 2 O 3 crystals was thoroughly studied by Yamada et al. 71 In their experiments, the energy gap between the sensitizer and activator system varied in a wide range of energies up to 4000 cm À1 . The probability of phononassisted ET was measured to have an exponential dependence on the energy gap, in excellent agreement with the MiyakawaDexter theory. It was revealed that the phonons of about 400 cm
À1
in the Y 2 O 3 host contribute dominantly to the phonon-assisted process.
Cross-relaxation terminology usually refers to all types of resonant ET between identical ions, acting as both sensitizers and activators. As shown in Fig. 6d , cross-relaxation may give rise to the diffusion process between sensitizers when the levels involved are identical (known as energy migration) or to selfquenching when their levels are different. In the first case there is no loss of energy, whereas in the second there is a loss or change in the energy of the emitted photons. 68 Concentration quenching of luminescence often takes place as a result of cross-relaxation among the activators when the concentration of the activator is above a critical value.
Upconversion materials for PV applications
Concepts of upconversion
The term upconversion describes nonlinear anti-Stokes optical processes that convert two (or more) low-energy pump photons to a higher-energy output photon. 72, 73 This phenomenon was first discovered by Auzel in the 1960s. 74 Since then, there has been a surge of research interest in upconversion due to its applications in a number of diverse fields, such as infrared quantum counter detectors, compact solid-state lasers, temperature sensors, lightings and displays, as well as biomedical imaging. As was already discussed above, only the absorption of photons with energy higher than the bandgap can generate electron-hole pairs contributing to electric current. Indeed, the transmission of sub-bandgap photons is one of the major energy loss mechanisms in conventional solar cells. In the case of c-Si solar cells, the transmission loss amounts to about 20% of the incident solar energy, which is not substantially reducible by conventional approaches. To this end, the use of upconversion materials may provide a solution to the transmission loss by converting two sub-bandgap photons into one above-bandgap photon. Indeed, Trupke et al. 32 in 2002 showed that the theoretical efficiency limit of a solar cell, modified with an up-converter, can reach 63.2% for concentrated sunlight and 47.6% for nonconcentrated sunlight, respectively. Although the idea of using upconversion for improving the performance of solar cell devices is implicit, relatively little work has been done until recently. A considerable limitation lies in the fact that upconversion processes are only possible in trivalent lanthanide ions with metastable and long-lived intermediate levels acting as storage reservoirs for the pump energy. In this sense, Er 3+ , Tm 3+ , and Ho 3+ ions, featuring ladder-like energy levels for facilitating photon absorption and subsequent ET steps, were generally chosen as activators to give rise to efficient visible emissions under low pump power densities. In order to enhance upconversion luminescence efficiency, the Yb 3+ ion is usually co-doped as an excellent upconversion sensitizer due to its large absorption cross-section in the 900-1100 nm NIR region, corresponding to the
transition. In fact, the Er
3+
-Yb 3+ couple is by far the most studied upconversion system (Fig. 7) .
A wide variety of upconversion mechanisms have been identified (Fig. 8 ). For PV applications, the majority of these mechanisms are based on some combination of excited state absorption (ESA) and energy transfer upconversion (ETU) processes. In contrast to common nonlinear processes including two photon absorption and second harmonic generation, these upconversion processes combine the benefit of high quantum efficiency without the need for intense coherent excitation sources, with the inherent advantages of large anti-Stokes shift. ESA is a single-ion process that involves sequential absorption of two (or more) photons by an excited ion using a real intermediary energy level, and results in promotion of that ion to a higher excited state. In ETU, two pump photons excite two neighboring ions to a metastable energy level through ground-state absorption (GSA). The excited ions then exchange energy nonradiatively, promoting one excited ion to an upper emitting state and demoting the other ion to the ground state. Photon avalanche (PA) is an unconventional mechanism as it could lead to strong upconverted emission without any resonant GSA when the pump power is above a certain threshold value. 138 The pump wavelength is only resonant between a metastable state and a higher energy level. 9 ). These emission bands match well with the absorption of c-Si. Note that the exact emission wavelength can vary by AE10 nm, depending on the host material ( Table 2) .
Shalav et al. 141 in 2005 reported the application of NaY- -doped upconverting layer placed directly at the rear surface of a bifacial c-Si solar cell, followed by the Er 3+ -doped upconverter and a mirror (Fig. 10) terpyridine). As a result of their large optical bandgap of 1.8 eV, these dyes have an absorption threshold below B700 nm. To achieve higher efficiencies for DSSCs, light absorption must be extended into the NIR spectral region without sacrificing their performance in the visible region. In 2010, Shan and [183] [184] [185] [186] [187] One of the major energy losses in organic solar cells is the sub-bandgap transmission as a result of the mismatch between the absorption properties of polymer materials and the terrestrial solar spectrum. The current organic PV cells with best performance are made of bulk heterojunctions comprising poly(3-hexylthiophene) (P3HT) and the fullerene derivative [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM). [188] [189] [190] [191] Owing to the large bandgap of organic molecules, the bulk heterojunction-based PV cells are only able 164 The authors adopted two different layout designs for the PV device as shown in Fig. 12a ) transition matches well with the absorption of the PCDTBT:PCBM photoactive layer (Fig. 12d) . Their PV measurements showed that with the upconversion phosphors placed behind the device, a maximum photocurrent density of 16 mA cm À2 and a 
). Before the conversion efficiency of PV devices can be further improved through use of upconversion materials, though, it will be necessary to put some effort into addressing a number of challenges. First, only a small fraction of the solar spectrum can be upconverted by Ln 3+ -doped materials because of their weak and narrowband absorption, so the next step will be to explore methods that enable broadband upconversion. More significantly, new materials or technologies enabling high upconversion efficiency must be developed as upconversion is a nonlinear process with low conversion efficiency (typically less than 3%). 194 A high-density excitation, controlled by a pulsed laser, can enhance upconversion efficiency. But for practical PV applications, the need for concentrated solar power clearly complicates the manufacture of solar cells. In this regard, photon upconversion based on sensitized triplettriplet annihilation (TTA) involving chromophores could be utilized for wide bandgap solar cells. This emerging technology offers relatively high upconversion efficiency under low excitation power density (a few mW cm
À2
). [195] [196] [197] [198] Sunlight is sufficient to excite the chromospheres and sensitize the upconversion process. However, a significant drawback of TTA is that the upconverted spectrum is generally limited in the range of 650-700 nm. 199 Although several groups have recently reported the TTA-based NIR-to-visible upconversion, thus far the attempts to obtain efficient upconverted emissions at wavelengths beyond 800 nm have not been successful. [200] [201] [202] 4. Quantum-cutting materials for PV applications
Concepts of quantum-cutting
There are certain phosphor materials that can transform the energy of one absorbed photon into two (or more) emitted lowenergy photons. This process is known as quantum-cutting with quantum efficiency more than 100%. 33 In general, quantum- The search for new quantum-cutting materials has gained importance in recent times in view of their promising applications in plasma display panels and mercury-free fluorescent tubes. 33, [205] [206] [207] [208] [209] [210] [211] [212] [213] [214] [215] [216] [217] [218] [219] [220] [221] Recently, the potential of using quantum-cutting phosphors in c-Si solar cells has been explored in an effort to maximize their efficiency. 222 Trupke et al. have performed theoretical calculations that predict an enhancement up to 38.6% in conversion efficiency for a solar cell modified with a quantumcutting layer. 34 The NIR quantum-cutting has been demonstrated in various Ln
3+
-Yb 3+ (Ln = Tb, Tm, Pr, Er, Nd, Ho, and Dy) co-doped systems (Table 3) 
). [238] [239] [240] [241] [242] [243] Several mechanisms responsible for the NIR quantumcutting are illustrated in Fig. 13 . The first mechanism is based on one luminescent center with three energy levels (Fig. 13a) . [238] [239] [240] [241] [242] [243] However, one major problem presented by single ion-based quantum-cutting is the unwanted emissions in the ultraviolet-visible spectral range and nonradiative recombination that compete with the desired emission of two NIR photons.
Alternative mechanisms involving two luminescent centers for NIR quantum-cutting are summarized in Fig. 13b-e. A plausible mechanism occurs via a two-step ET process through ion pairs of physically interacting lanthanide ions, accompanied by the emission of two NIR photons (Fig. 13b) 236 and Dy
-Yb 3+ co-doped systems. 237 The emission of two NIR photons can also be achieved by quantumcutting involving one-step ET between two optical centers ( Fig. 13c  and d) . The quantum-cutting mechanism illustrated in Fig. 13c knowledge, there is no experimental investigation reported on the mechanism shown in Fig. 13d . The quantum-cutting mechanisms discussed in Fig. 13b -d require resonance ET between two optical centers in close proximity. The ET can be described as a first-order rate process, governed by the degree of overlap between the donor emission and the acceptor absorption. Energy splitting is plausible by population of an intermediate energy level of the donor. In contrast, if there is no spectral overlap, a second-order cooperative sensitization may dominate the relaxation process, resulting in simultaneous excitation of two acceptors and subsequent emission of two NIR photons (Fig. 13e) . For efficient cooperative sensitization to be observed, the sum of the energy of the absorption transitions of the two acceptors must equal the energy of the donor emission. 223 ET and quantum efficiencies were calculated from the luminescence decay curves using the following equations,
where I denotes intensity, x%Yb stands for Yb 3+ concentration, and Z Tb represents quantum efficiency for Tb 3+ and is set to 1.
Although various Tb 3+ -Yb 3+ co-doped materials have been well studied, the issue of the underlying ET mechanism from Tb 3+ to Yb 3+ ions is still debatable. [244] [245] [246] [247] [248] [249] Some researchers believed that a nonlinear second-order downconversion process should be responsible for the cooperative quantum-cutting (Fig. 14a) . 244, 245 The slope of Yb 3+ luminescence intensity versus the excitation power was found to be nearly 0.5, indicating the emission of two lower-energy photons upon the absorption of one photon. On the other hand, two different groups found the slope of luminescence intensity curves to be near 1 instead of 0.5, indicating a one-photon process for the Yb 3+ NIR emission. 246, 247 A similar result was also obtained by Duan and co-workers in Tb
-Yb 3+ co-doped oxyfluoride glass, 248 but they attributed it to a linear cooperative quantum-cutting mechanism.
In this case, a virtual energy level of Tb 3+ located around 10 000 cm
À1
could participate in the quantum-cutting process (Fig. 14a) , and the downconversion emission intensity would increase linearly with the excitation intensity (Fig. 14b) . Interestingly, it was experimentally found that in NaYF 4 host materials the slopes of Yb 3+ luminescence power dependence curves were fitted to be between 0.5 and 1 ( Fig. 14c and d) . 249 (Fig. 15a) . Notably, no convincing evidence thus far for the cooperative ET mechanism has been reported. As a result, it is still controversial whether the secondorder cooperative or first-order ET dominates the visible-to-NIR quantum-cutting process. (Fig. 16a) . 230, [262] [263] [264] [265] [266] [267] [268] [269] [270] [271] [272] [273] Meijerink and co-workers 263 argued that the dominant quantum-cutting mechanism in the Pr 3+ -Yb 3+ couple appears to be first-order ET by cross relaxation, because the reduced Fig. 14 (a cross-relaxation rate can be compensated by the much higher (B1000 times) probability of first-order ET relative to the second-order cooperative ET process. This first-order ET scheme leads to efficient quantum-cutting of one 441 nm blue photon into two 980 nm NIR photons in (Fig. 16b) revealed an actual conversion efficiency of 140%. Furthermore, the 980 nm photon flux upon excitation of Pr 3+ to the 3 P J , 1 I 6 (J = 0, 1, and 2) levels is approximately twice that of the absorption strength of the 3 P J , 1 I 6 levels (Fig. 16c) (Fig. 16d) (Fig. 17d) 
Broadband quantum-cutting for c-Si solar cells
Ideal NIR quantum-cutting materials for c-Si solar cells should be able to downconvert the ultraviolet-green (300-550 nm) part of the solar spectrum to B1000 nm photons. Despite their usefulness, the quantum-cutting materials based on Ln 3+ -Yb 3+ (Ln = Tb, Tm, Pr, Er, Nd, Ho, and Dy) couples are still far from practical application because of low excitation efficiency. A main limiting factor for the conversion efficiency is the low absorption cross-section (typically on the order of 10 À21 cm 2 ) of the lanthanide ions arising from the parity-forbidden 4f-4f transitions. 279 In contrast, the dipole-allowed 4f-5d transitions have much higher absorption cross-sections of up to 10 À18 cm 2 . 279 Recently, much attention has been paid to broadband NIR quantum-cutting through use of Ce 3+ , Eu 2+ and Yb 2+ with Fig. 17 (a strong absorption intensity in the ultraviolet-blue spectral region as energy donors for Yb 3+ (Table 4) . [279] [280] [281] [282] [283] [284] [285] [286] [287] [288] [289] [290] [291] [292] [293] 
Multiple exciton generation in quantum dots
Different from the above-mentioned quantum-cutting in lanthanide ions, another viable approach to significantly enhance solar energy conversion is to utilize multiple exciton generation (MEG, also termed carrier multiplication) in QDs, whereby the absorption of one photon bearing at least twice the bandgap energy can produce two or more electron-hole pairs (Fig. 19a) . [320] [321] [322] This approach enables effective harvesting of high-energy photons in the violet and ultraviolet parts of the solar spectrum that are normally lost as waste heat. 323 Thus, the application of MEG in third-generation PV cells has the potential to achieve maximum efficiency as high as 44%, well exceeding the Shockley-Queisser limit of 31% for single-junction solar cells. 324 Since its first discovery in PbSe nanocrystals by to measure the MEG efficiency, which is defined as the number of electron-hole pairs produced per absorbed photon. The indirect nature of this method, however, has contributed to the diversity in the reported experimental data resulting from experimental artefacts, material degradation and surface effects of carrier trapping and photocharging. 335 In 2011, Semonin and colleagues demonstrated direct proof of carrier multiplication in QDs. 336 They found that about 4%
of total photocurrent in PbSe-based solar cells arises from the MEG effect. In such solar cells, the MEG was measured by determining the cell's external and internal quantum efficiencies at zero applied bias. In their work, a peak external quantum efficiency of 114% and a peak internal quantum efficiency of 130% were obtained (Fig. 19b and c) . These findings are important because they not only provide direct evidence for MEG in QDs, but also show that MEG charge carriers can be collected with reasonable efficiency in suitably designed QD solar cells. Nevertheless, the impact of MEG on the power conversion efficiency of QD solar cells is limited, largely due to the high energy threshold of B3.0 E g required for MEG in PbSe QDs (as shown in Fig. 19b , only ultraviolet photons can result in efficient MEG). To make MEG have a substantial impact on PV devices, QD-based solar cells that can generate multiple excitons per visible photon at wavelength near the solar peak need to be developed in the future.
Down-shifting materials for PV applications
Concepts of luminescent down-shifting
Luminescent down-shifting can be utilized in many PV devices that exhibit poor spectral response to short-wavelength light. The down-shifting materials absorb the short-wavelength light, typically in the 300-500 nm range, and re-emit it at a longer wavelength where the external quantum efficiency of the PV device is high. While luminescent down-shifting could potentially enhance the solar cell efficiency, it is important to note that the design will not be able to overcome the ShockleyQueisser efficiency limit, as the absorption of a high energy photon by the down-shifting materials can only result in the generation of one electron-hole pair in the solar cell. To date, two main classes of down-shifting-based PV devices have been investigated: luminescent solar concentrators and planar downshifting layers. 337 A luminescent solar concentrator is used to concentrate sunlight onto PV cells as a simple means to reduce the amount of expensive PV materials required. 338, 339 The concentrator, typically composed of polymer sheets doped with luminescent species, converts a fraction of the incident sunlight into longer wavelength light that is subsequently guided towards a PV cell (Fig. 20a) . 340, 341 On the other hand, a planar down-shifting layer is generally placed directly onto the front surface of a solar cell to improve the device performance by overcoming the poor spectral response of the solar cell to shortwavelength light (Fig. 20b) . 342 The ideal materials for luminescent down-shifting should possess the following characteristics: (i) broadband absorption, particularly in the region where the spectral response of the solar cell is low; (ii) high absorption coefficient and high luminescence quantum efficiency so that all incident light results in emission; (iii) high transmittance and narrowband emission, particularly in the region where the device response is high; (iv) large Stokes shift to minimize the self-absorption energy losses due to the spectral overlap between the absorption and emission bands; and (v) long-term stability. 343 Up to now, inorganic phosphors and glasses, colloidal QDs and organolanthanide complexes have been widely investigated as potential candidates, as will be discussed below. (Fig. 21a) -doped LaVO 4 nanocrystals is that only a small portion of the deep ultraviolet sunlight (250-320 nm) is harvested. An ideal ultraviolet-absorbing luminescent converter for DSSCs should effectively capture the whole ultraviolet part of the solar spectrum (l r 400 nm) and then convert these ultraviolet photons into narrowband emission exactly matching the absorption of the dye.
Phosphors and glasses
In 2011, Hafez et al. 366 reported the fabrication of lanthanide- 370 Such glasses exhibit strong absorption in the ultraviolet-green spectral range but high transmission at wavelengths larger than B800 nm, while showing broad NIR luminescence (1000-1500 nm) possibly due to Bi + emission. At an optimum molar concentration of 1% Bi, the cell exhibits an increase by a factor of B1.5 in the overall external quantum efficiency.
Semiconductor quantum dots
Semiconductor QDs are a different class of luminescent downshifting materials that have been recently reported for solar cell applications. In particular, CdSe, CdSe-ZnS, CdS, and CdSeCdTe have generated great excitement because they feature broadband absorbance, high quantum yield, and tunable emission characteristics in the visible region. [386] [387] [388] [389] [390] [391] [392] [393] [394] [395] [396] [397] [398] [399] [400] [401] However, the overall efficiencies of these solar cells need to be improved due to large overlap between the emission and absorption spectra of the QDs. 402, 403 In contrast, the use of NIR-emitting QDs (e.g., Ag 2 S, 404 PbS, 405 ZnTe-CdSe, 406 CdSe-ZnTe, 407 and CdTe-
) can greatly reduce re-absorption. As an added benefit, the NIR emission of QDs can be tuned to match the bandgap of c-Si solar cells, thereby opening the possibility of developing luminescent solar concentrators with much higher conversion efficiency.
In 2010, Shcherbatyuk et al. investigated the viability of using PbS NIR-emitting QDs as down-shifting materials in luminescent solar concentrators. 402 When compared with CdSe-ZnS, the PbS QDs exhibited a broad spectral response extending from the visible to the NIR region of the solar spectrum (Fig. 22) . Furthermore, the PbS QDs showed a large Stokes shift of 122 nm (versus 23 nm for CdSe-ZnS QDs) due to a strong quantum confinement effect. More importantly, the authors found that the NIR emission wavelength of the QDs is slightly larger than the bandgap of c-Si (1.1 eV), achieving calculated optical and power conversion efficiency in the luminescent solar concentrator as high as 12.6% and 3.2%, respectively.
Rare-earth organic complexes
Rare-earth organic complexes, composed of a ligand acting as an antenna (or sensitizer) and an emitting lanthanide ion, are an important class of down-shifting materials for PV modules. Unlike conventional organic dyes and QDs, these organolanthanide complexes feature large Stokes shift and completely avoid self-absorption losses (Fig. 23a) . [409] [410] [411] In principle, the luminescence process in organolanthanide complexes occurs in three steps: (i) light absorption by a properly selected ligand; (ii) highly efficient intra-energy conversion from the singlet (S 1 ) to the triplet (T 1 ) states of the ligand by inter-system crossing; and (iii) resonant ET from the T1 state of the ligand to the excited state of the Ln 3+ ion (Fig. 23b) . Europium complexes that feature a main emission at 612 nm have been investigated for c-Si and DSSCs. [412] [413] [414] [415] [416] [417] [418] [419] [420] In contrast, Tb 3+ -based organic complexes are more suitable for amorphous Si solar cells with a wavelength of maximum efficiency at about 500 nm. 421, 422 In particular, NIR-emitting metal-organic frameworks that contain Yb 3+ or Nd 3+ are promising candidates for c-Si solar cells. [423] [424] [425] [426] It is important to note that the organolanthanide complexes with high luminescence quantum efficiency and a broad absorption plateau in the visible region are preferred for PV applications.
Conclusions and outlook
In this review, fundamentals for luminescent materials as spectral converters are presented in the context of enhancing solar cell efficiency. One of the major challenges in designing solar cell devices is how to minimize energy losses due to the spectral mismatch between the solar cell and incident solar spectrum. To make full use of the solar spectrum, innovative approaches through use of upconversion, quantum-cutting, and down-shifting luminescent materials, albeit still very much in its infancy stage, have shown promise for the development of these materials as spectral converters to effectively reduce the spectral mismatch losses and, as a consequence, boost the efficiency of solar cells. Upconversion is able to harvest the sub-bandgap sunlight. Proof-of-concept experiments have been widely performed for Er 3+ -doped upconverters (for c-Si solar cells) and Ln 3+ -Yb 3+ (Ln = Er, Tm, and Ho) co-doped upconverters (for wide bandgap solar cells). However, two major drawbacks associated with this approach currently limit the practical application of upconverters for solar cells. First, the efficiency of current Ln 3+ -doped upconverters investigated for solar cells is generally low (less than 3%). 194 The upconversion efficiency may be enhanced by using plasmonic resonance 427 or photonic crystals. 428 High excitation density, which can be easily realized using lasers, also can lead to high upconversion efficiency, but it will require concentrated sunlight. In this respect, low-power TTA-based upconversion in organic molecules is particularly promising for wide bandgap solar cells, provided that efficient NIR-to-visible upconversion can be achieved. 197, 198 and Eu 2+ -Er 3+ couples, which can give rise to NIR emission around 1500 nm from Er 3+ donors, has been reported for germanium solar cells. Quantum-cutting has been proven to be a linear process independent of the incident power. This allows for the use of non-concentrated sunlight. However, quantum-cutting with external quantum efficiency larger than 100% has been rarely reported. 432 Thus far, no proof-of-concept experiment has been reported for quantum-cutting in PV applications. Urgent tasks for the distant future in this area are: (i) developing novel characterization techniques to provide direct evidence of the existence of NIR quantum-cutting; and (ii) investigating the effect of quantum-cutting materials on the performance of solar cells. Down-shifting offers the ability to improve the spectral response of solar cells to short-wavelength sunlight. Lanthanide-doped phosphors and glasses, QDs, and organolanthanide complexes can be used in luminescent solar concentrators and planar down-shifting layers for enhancing power-conversion efficiency in solar cells. However, the fabrication of a highly efficient luminescent solar concentrator remains difficult, 433 and the optimal configuration may involve a combination or design layout of different luminescent materials. 434, 435 In conclusion, the application of luminescent materials as spectral converters to PV applications could not come at a more opportune time given the significant increase in the global demand for energy in recent years. Despite the daunting challenges of realizing low-cost and highly efficient solar cells, further exploration and attempts to use these spectral converting materials for PV devices and systems will certainly be exciting.
